An investigation of the stability of a four-vortex wake has been conducted in the atmospheric boundary layer wind tunnel at the University of Notre Dame. Four independent wing models were used to create a generic four-vortex wake, such that the effects of circulation strength and vortex span could easily be studied. Helium bubble flow visualizations provide sufficient evidence of the persistence of a long-wavelength instability driven primarily by the strain field between the inboard-outboard vortex pair for a specific set of wake configurations. A quantitative investigation into the near-field development of these wakes via hot-wire anemometry further indicates the development of the elliptical form of short-wavelength instability. The experimental measurements of a short-wavelength perturbation frequency was found to compare favorably to that predicted by theory. 
I. Introduction
LL aircraft create a trailing vortex wake that may persist for several miles behind the generating aircraft, dependent on atmospheric conditions. This trailing vortex wake is commonly referred to as 'wake turbulence' and potentially poses a flight safety hazard to other aircraft that may encounter this wake. This flight safety threat is of particular interest in the terminal stages of flight, where these aircraft are in closest proximity to one another. During the landing stage of flight, it is common for transport aircraft to be in a high-lift or flaps-down configuration.
1.
Defining an accurate basis for wake vortex separation.
2.
Evaluating the significance of the wake characteristics on safe flight.
3.
Determining the far-field characteristics of the wake. 4.
Understanding the influence of meteorological conditions on vortex wakes.
5.
Develop the technology to mitigate capacity constraints associated with wake vortices.
During the past decade there has been a renewed interest in research to examine methods of enhancing trailing vortex wake decay. The focus of the current work is on an experimental study of the stability of a fourvortex wake, such that the results are directly relevant to aircraft applications. First, the results of a helium bubble visualization experiment are presented and wake configurations that are most likely to sustain the largest wake vortex instability growth rates are identified. The results of a hot-wire survey into the near-field of a developing wake vortex are also presented and are used to describe the unstable motions observed via flow visualization. An aircraft wake may generally be divided into two distinct regions, the near-field and the far-field. The nearfield of the wake is characterized by a rolling up of the vorticity that is shed from the trailing edge of the generating wing. This shed vorticity is commonly referred to as a vortex sheet. Early work completed by Ciffone and Orloff 4 showed that the wake experiences nominal decay in the near-field as the azimuthal velocity of the rolled-up structure is nearly constant throughout the near-field. Downstream of the roll-up region, the azimuthal velocity of each vortex is seen to exhibit a decay that varies with the square root of time, due largely to viscous means. The region of square root decay is considered the far-field. It has been previously shown that a wake vortex will persist for considerable distances downstream of generation in a calm atmosphere 5, 6 . As a means for limiting the wake hazard, the results presented in references 5 and 6 suggest that a reliance on purely viscous means to temper the wake hazard is not sufficient.
II. Far-Field Wake Visualization and
The primary focus of this study is on the farfield, as this is the region of the wake that is encountered by following aircraft. The far-field of a given wake is also the region in which naturally occurring instabilities will manifest themselves toward the destruction of the hazardous wake vortices. Since the trailing vortex wake hazard is of the most critical importance in the terminal stages of flight, it is most appropriate to study wake geometries that are generated by aircraft in high-lift configurations.
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The first high-lift configuration under study is that which is generated by the deployment of a single inboard flap. Inboard flaps are generally very close to the wing-fuselage junction, such that vortices shed at the inboard edge of these flaps are frequently destroyed by the turbulent flow near the junction. A vortex shed from the outboard edge of these flaps is generally at a relatively large distance from the wing tip, such that it is unable to roll-up into a single core with the vorticity shed at the wing tip. The resulting far-field wake geometry is two pairs of co-rotating vortices, as seen on the left side of figure 1 .
Alternately, one may wish to study the deployment of a single outboard flap for wake attenuation. In this scenario, the vorticity shed from the outboard edge of the flap is in close enough proximity to the roll-up of the wing tip vortex such that the two vortices roll-up into a single vortex core. In this instance, the vorticity shed at the inboard edge of the flap is far enough away from the wing-fuselage junction such that the inboard flap vortex structure persists into the far-field. The resulting far-field wake geometry consists of two pairs of counter-rotating vortices. Counter-rotating configurations are of special interest in the study of far-field wake stability as they have shown great promise in accelerating cooperative instabilities on both inboard and outboard vortex pairs 7, 8, 9 . Because the wake encounter problem is the most critical during the terminal stages of flight, landing in particular, it is necessary to investigate a wake consisting of multiple vortex pairs. A four-vortex model is an ideal research vehicle as it most closely simulates a transport aircraft in a flaps-down configuration. Computational results presented by Rennich and Lele 8 , and later extended by Fabre and Jacquin 9 , suggest that the most critical parameters influencing wake stability are the ratio of circulation strengths between flap and tip vortex pairs (Γ flap /Γ tip ) and the corresponding vortex span ratio (b flap /b tip ). Both sets of computations suggested that the most accelerated breakdown occurred for configurations that translate rigidly. Such configurations lie along a cubic curve defined by the circulation and span ratios, as presented in figure 2 . The red box in figure 2 represents the region occupied by current transport aircraft configurations. To investigate a generic four-vortex wake at any location in either the near-or far-field, a unique vortex generating system was developed, such that both the span and circulation ratios could be directly controlled. To accomplish this, four identical wing models were created to generate a four-vortex wake. The angle of attack, and consequently circulation strength, of each wing is independently controlled via stepper motor. The outboard wings are fixed at a constant location in the test facility while a slot in the test section allows for the lateral movement of the inboard wings between test cases, effectively allowing for variations in the span ratio. An artist rendition of the experimental model is presented as figure 3 . The atmospheric boundary layer wind tunnel at the University of Notre Dame allows for investigation of the wake up to x/b tip = 30 downstream of the wing model. This allows for the study of both the near-and far-field of the wake. 
B. Far-Field Visualization Results
The first part of the investigation using this facility focused on helium bubble flow visualization to experimentally validate the referenced computational work 10, 11 . The helium bubble visualization was successful in identifying the wake configurations that were most conducive to rapidly accelerating wake instabilities. As predicted, these configurations resided near the cubic curve presented in figure 2 . Completion of a series of visualizations to investigate the entire region defined by the circulation and span ratios qualitatively suggests that a fan, encompassing the cubic curve defined by Rennich and Lele, exists in which one would expect to observe large instability growth rates. This result is not surprising as these configurations represent wakes where relatively high rates of strain are maintained. Superimposition of experimental data with the computational results of Rennich and American Institute of Aeronautics and Astronautics Lele provides further evidence of the region where the wake configurations are most conducive to rapid wake attenuation and is presented in figure 4 .
Comparisons between figures 5 and 6 illustrate the effect of injecting additional vortices into the wake, thus strengthening the mean rates of strain experienced by each vortex. Figure 5 shows a two-vortex model where only the outboard wings are used, representative of a clean wing configuration, which shows very little variation in the trajectory of each wake vortex structure. This set-up can also be thought of as a configuration where the circulation and span ratios are identically zero. This configuration lies on the upper left corner of figures 2 and 4, where slowly amplifying instabilities are likely to occur. The nominal variation in the wake vortex trajectories in figure 5 indicate that the free-stream turbulence in the test section is not sufficient to sustain rapidly growing instabilities within x/b tip = 30 of generation.
By simply adding two inboard wing models, simulating extended flaps, and marking one side of the wake, one can clearly see the excitation of a naturally occurring instability similar to that which is described by Crow 12 . Similar results were observed experimentally by Ortega et al 7 . The photograph presented in figure 6 is representative of a Γ flap /Γ tip = -0.8 and b flap /b tip = 0.40 configuration, which lies well within the fan presented in figure 4 and is denoted as case 1. One potential explanation for this behavior is that the instability seen in figure 6 is a long-wavelength bending instability, similar to that which is presented by Crow, where the effective vortex span (b eff ) is actually the distance between the tip and flap vortices, thus yielding a wavelength shorter than the 8.6b tip predicted by the two-vortex Crow model. Note that the original Crow analysis was completed for two counter-rotating vortices of equal strength, similar to figure 5. Saffman 13 describes a similar long-wavelength instability which was later generalized by Bristol et al 14 to include vortices of different circulation strength. 
C. Wake Vortex Instability
With an understanding of the wake configurations that are likely to sustain large instability growth rates, it is necessary to investigate the fundamental mechanics by which the wake becomes unstable and self-destructive. It is, however, instructive to first review several analytical instability models that will describe the observed flow phenomena.
Because any proposed control strategy will likely employ the excitation of naturally selected wake instability modes, it is necessary to investigate the mechanisms by which wake vortices become unstable. The landmark work presented by Crow 12 suggests that a long-wavelength instability may be trigged by atmospheric turbulence and would become amplified via the mutual induction of one vortex on another. Crow maintains, through the use of a two-vortex model, that each vortex would undergo a sinusoidal oscillation in a fixed plane, inclined to the horizontal, until the amplified wave motions caused the wake vortices to touch, or link. At this point in the wake development, the vortices are said to 'burst' and form a series of vortex rings, rendering the wake benign to encountering aircraft. An aircraft encountering these vortex rings may experience a reduction in ride quality, but should not be subjected to large roll excursions. 
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A second type of vortex instability includes a bending wave mode analysis similar to that presented by Crow, but using a self-induction model that is valid for all wavenumbers. Mathematical analyses presented by Tsai and Widnall 15 , Widnall et al 16 and Saffman 13 model a single free vortex as a stationary column of distributed vorticity in a weak strain field, such as that produced by an additional vortex in the flow field. The set of governing equations takes the form of a linear eigenvalue problem whose solution yields an instability growth rate over a band of axial wavenumbers, given a specific self-induced rotation condition. This bending wave model of instability is likely to occur only when this self-induced rotation balances the externally-forced rotation of the perturbed vortex. When this balance occurs, the vortex will become fixed at a specific azimuthal orientation within the strain field, causing a radial divergence of the bending wave. The first mode of this instability (n = 0) is simply a displacement of the entire structure and, for vortices of equal strength, is identical to that which was presented by Crow. The wavelength of the n = 0 mode is said to scale with the vortex span, again similar to that of the Crow instability. Higher modes of this instability (n ≥ 1) are displacements of the centroid of vorticity and are confined by the core boundary. These higher mode displacements have wavelengths that scale with the radius of the vortex core and are consequently referred to as short-wavelength instabilities.
Lastly, an elliptical instability has been described by Leweke and Williamson 17 . The elliptical instability is also a result of an externally applied strain on the vortex core. The elliptical instability is characterized by a deformation of the vortex core into an elliptical shape in the cross-section. The results presented by Leweke and Williamson, Laporte and Corjon 18 and Waleffe 19 suggest that the elliptical instability may be a manifestation of the first short-wavelength mode of instability (n = 1) described by Saffman and Widnall et al 
III. Near-Field Investigation via Hot-Wire Anemometry
To obtain a complete understanding of the structure and development of an aircraft wake, it was necessary to complete a quantitative investigation of the region of the wake where the roll-up process occurs. To investigate the physics by which a wake vortex becomes unstable, a series of hot-wire surveys were completed in several Trefftz planes downstream of both the inboard and outboard wing models shown in figure 3 for configurations that were shown to produce rapidly amplifying instabilities as well as configurations shown to be relatively stable within x/b tip = 30 of generation. Results from all of the four-vortex cases were further benchmarked against a single-wing case. A comparison of the results from all of the aforementioned cases provides a significant amount of detail regarding the nature and development of aircraft wake instabilities.
A. Experimental Set-Up and Test Matrix
In order to resolve all three velocity components in the highly rotational flow field, a probe consisting of four individually supported sensors was used. The Auspex AVOP-4-100 four-wire probe that was used for the velocity measurements in this study consists of two orthogonal X-wire arrays and was shown by Devenport et al 20 to provide reliable velocity measurements in swirling flows. Each individual tungsten sensor measures 0.8 mm in length and 5 μm in diameter. The measurement volume of the probe is 0.5 mm 3 . One of the significant advantages to the use of the four-wire probe is that it allows for the resolution of all three of the velocity components simultaneously. Acquiring a time series of data for each velocity component allows for the calculation of all nine components of the Reynolds stress tensor at any location within the measurement grid.
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Individual sensors were operated on independent channels of an AA Lab Systems AN-1003 anemometer in constant temperature mode. Each measurement plane was a 3"× 3" square with equal spacing between points in each direction, dy = dz = 0.10" (2.54 mm), for a total number of 961 data points in each grid sweep. Data was acquired at f s = 20 kHz and low-pass filtered at f f = 10 kHz to prevent aliasing. For the results that are presented in cylindrical coordinates, the data in each Cartesian (y, z) Trefftz plane was interpolated onto a uniform (r,θ)-grid using a cubic interpolation technique such that dr = 0.05" (1.27 mm) and dθ = 0.063 radians. Efforts were also made to ensure that the calculated centroid of axial vorticity coincided with the origin of the cylindrical coordinate system.
As a baseline, data was acquired in the prescribed manner at locations x/c = 2, 4, 6 and 8 downstream of a single wing model that was pitched to angles of attack of α = 2.5° and 8°. To investigate the flow physics governing the stability of the wake, measurements of both the inboard and outboard vortices were made in Trefftz planes x/c = 4 downstream of the models for five configurations. Two of the investigated configurations were shown in the helium bubble visualization to exhibit relatively unstable characteristics in the far-field (cases 1 & 4). Two of the remaining configurations produced a periodic motion in the far-field, where the inboard (flap) vortex tends to orbit about the outboard (tip) vortex (cases 2 & 5) . The fifth configuration was known to exhibit a divergent motion, where the inboard vortices are driven away from the outboard vortices due to a region of strong upwash between the inboard pair (case 3). The set-up of the four-wing test matrix is included in figure 4 . For all of the aforementioned test cases, the measured wake vortices shared similar mean structural characteristics. Velocity data was decomposed into three components in Cartesian coordinates and each component further separated into mean and fluctuating terms. The mean axial vorticity (ω x ) was calculated by taking the curl of the mean velocity components within each Trefftz plane. Figure 7 provides a realization of the outboard vortex from test case 1 and represents the mean velocity components within the x/c = 6 Trefftz plane as a vector field with the superimposed contours defining the normalized mean axial vorticity (ω x c/U ∞ ) in the measurement plane. The black square near the center of the plot denotes the location of the calculated centroid mean axial vorticity.
Velocity data in the Cartesian system was also mapped onto a polar grid using the centroid of mean axial vorticity as the origin of the polar system. The radial and azimuthal velocity components were first calculated at the measured grid points that were mapped into polar coordinates. A cubic interpolation scheme was subsequently applied to interpolate the acquired data onto a uniformly spaced polar grid. A radial profile of the azimuthal velocity (U θ ) is presented as figure 8 . Azimuthal velocity data has been normalized by the peak value of azimuthal velocity within the Treffz plane, as is consistent with convention. A radial length scale may also be defined from the azimuthal velocity profile. The length scale a is defined as the linear distance from the centroid of axial vorticity to the location of peak azimuthal velocity. Consequently, the radius of the vortex core is now defined as being equal to a. The core radius was generally determined to be a = 0.06c, or six percent of the chord length. This measurement compares favorably to experimentally achieved flight data 
where a e is defined as the effective core radius. For all of the data presented here, a e was determined to be nearly equal to a e = 0.05c. The relation between the core radius and the effective core radius may nominally be defined as a = 1.20a e . For a similar fit to experimental data, Ortega 23, 24 determined that a = 1.12a e .
In terms of suggesting potential forms of wake instability it is of critical importance to examine the radial distribution of mean axial vorticity. Figure 9 displays a radial profile of the mean axial vorticity and three theoretical profile shapes. When discussing the short-wavelength instability, Widnall et al A second model is suggested by Maxworthy 25 while discussing the elliptic instability. Maxworthy suggests that the radial profile is better modeled by using a square of the hyperbolic secant, as this profile shape accounts for the swirling fluid motion outside of a e . An inspection of figure 9 suggests that the profile shape given by Maxworthy does provide a better model for the axial vorticity profile in the radial direction. A Lamb-Oseen vorticity profile has also been included in figure 9 , as this model also provides an acceptable description of the radial distribution of axial vorticity.
By integrating the mean axial vorticity along concentric circular paths, it is possible to produce a radial profile for the circulation strength (Γ) of the vortex. The circulation strength calculations, presented as figure 10, are normalized by the theoretical root circulation (Γ 0 ) produced by a lifting line calculation. The lifting line calculated load distribution was validated by a series of surface pressure measurements aimed at experimentally representing the load distribution on the wing models. The root circulation generated by lifting line calculations also matched the total circulation value determined from lift balance measurements. Inspection of figure 10 also shows excellent agreement with the method proposed by Betz 26 regarding the radial structure of the circulation. The data presented as the Betz calculation was generated using a discretized load distribution determined from the agreement of the lifting line calculation and the measured load distribution. The r = a and r = a e locations are also denoted in figure 10 . The circulation strength encompassed within the vortex core at the x/c = 4 Trefftz plane was determined to be Γ/Γ 0 = 0.234 at r = a and Γ/Γ 0 = 0.282 at r = a e . This result is consistent with the results presented in Devenport et al 20 . Further, it is important to note that the circulation strength of each wake vortex increases with radial distance from the vorticity centroid. As a result, it may be concluded that these vortex structures are stable to axisymmetric perturbations via Rayleigh's criterion 27 . However, the Rayleigh criterion does not preclude the existence of bending modes of instability, such as the Crow and short-wavelength instabilities described in the previous section. 
Velocity Fluctuations and Turbulence Production
For all of the instability forms described in section II, an externally applied strain field is required to amplify naturally selected modes of each instability. In this study, and consistent with aircraft applications, such a strain field is generated by the existence of additional vortices within the flow field. Consistent with several models [16] [17] [18] [19] the American Institute of Aeronautics and Astronautics externally applied strain rate is expected to scale with the inverse of the squared effective vortex span (b eff ). Thus, one would expect that the closer two vortices are to one another, the larger the strain rate. Further, it has been shown computationally 8, 9 that rigidly translating vortex systems maintain the closest radial proximity of vortices during wake development and into the far-field. Because the fan denoting the observed instabilities in figure 4 also encompasses the curve defining rigidly translating systems, it is theorized that the relatively large strain rates produced in these configurations are responsible for the amplification of the observed instability types.
An investigation of the fluctuating velocity field proves to be an effective tool for the understanding the mechanism by which a bending instability mode could be maintained. Qualitatively, the basic turbulent structure of all of the measured wake vortices appears similar. Inspection of figures 11 and 12 show that the bulk of the large turbulent velocity fluctuations are contained within the core region. This result is readily apparent in both the rootmean-square (RMS) and Reynolds stress fields.
Because a four-wire probe was used to obtain velocity data in the near-field investigation, it was possible to resolve the nine components of the Reynolds stress tensor. A comparison of the nine components of this symmetric tensor clearly indicates that the turbulent stress field is dominated by the normal stress terms, as these terms are generally an order of magnitude larger than the shear stresses within the field. The disparity between these stress terms are illustrated by comparing the shear stress terms presented in figure 13 with the normal stress fields presented in figures 11 and 12. The dominance of the normal stress terms begins to shed some light on the mechanism by which turbulence is produced in the region near the vortex core, although an investigation of the mean strain rates is required to complete the picture. An inspection of the mean strain rates within a given measurement plane shows that all of American Institute of Aeronautics and Astronautics the components are of the same order of magnitude, with the largest stretching and skewing rates occurring near the vortex core. This result is expected, owing to the highly rotational nature of the flow. The ∂U θ /∂r term specifically is expected to be large near the core based on the radial velocity profile shown in figure 8 . Noting that all of the available mean strain rates are similar in magnitude and that the normal stress terms are significantly larger than the shear stress components, it may be concluded that turbulence production in the wake is dominated by normal stresses and stretching. Devenport et al 20 draw an identical conclusion regarding the nature of turbulence production from their experimental observations and use this result to suggest that this production is not the result of turbulent mixing.
Perhaps the most interesting result of the study of the fluctuating velocity field is obtained by making identical velocity field measurements of a single outboard vortex in the case 1 configuration at varying axial locations. Because case 1 has the largest circulation strength and vortex span ratios, it is expected that the vortices in this configuration would experience the largest externally applied rates of strain. It is further expected that these relatively high strain rates would be maintained, as case 1 represents a rigidly translating wake configuration. As a result of this strain condition, one would expect the greatest effect of strain to be apparent for the vortices in this configuration. Inspection of the radial turbulence intensity and cross-flow normal stresses at x/c = 2, presented as figure 14, shows the existence of a nearly circular vortex core. Examination of these same fluctuating terms at an axial station of x/c = 8 shows a strikingly different result. At x/c = 8, presented as figure 15, the vortex core has become elliptical in shape with the principle axis of the ellipse appearing to be pitched at 45 degrees to the horizontal. This result is significant as one would expect the primary strain direction for a counter-rotating configuration to be in the same direction. This alignment of the primary strain direction has been shown analytically by Leweke axis with the expected primary strain direction, strongly suggests that the highly strained vortex cores are susceptible to the elliptical form of the short-wavelength instability. 
Spectral Analysis of the Core Region
To this point in the investigation it has been demonstrated that a range of configurations, consistent with the maintenance of large applied strain rates, is unstable to long-wavelength perturbations resulting in a Crow-like bending mode instability. Further, it has been shown that the wake vortex structures are stable to axisymmetric perturbation via Rayleigh's criterion and that the highly strained vortices exhibit a deformation of the core shape into an ellipse that is oriented at 45° to the horizontal. These results strongly suggest that for wake configurations where a high rate of strain can be maintained, both a long-wavelength bending mode instability and a shortwavelength elliptical instability are likely to persist and are also likely the mechanism by which breakdown of these structures will eventually occur. To complement these results, a spectral analysis was completed for several locations in the core region of each of the measured flow fields.
For each of the completed cases, a locus of ten points was selected in each flow field such that these points bisect the vortex core and pass through the centroid of vorticity. At each of these locations, a time-series of velocity data was used to calculate a velocity autospectrum for each of the three velocity components. The ten spectra in each set are representative of the flow field immediately outside the core, along the core boundary at r = a and within the core itself. Figure 16 shows a typical locus of points at which the velocity autospectra are calculated. To benchmark the four-vortex flow field results, velocity autospectra were first calculated on the single wing results at x/c = 4. Figure 17 presents the resultant horizontal velocity autospectra for the single-wing case. It is noted, by inspection of figure 17 , that the spectra calculated for locations within the core (given as the solid green curves) show significantly higher levels of turbulent kinetic energy than those immediately outside of the core boundary. This result is not surprising as it was shown in the previous section that the largest relative turbulence intensities and turbulent stresses occurred within the core boundary, thus one should expect the largest amount of kinetic energy to be contained in the same region.
One may also notice that most of the turbulent kinetic energy is available at lower frequencies, consistent with viscous dissipation. It is noted that a roll-off of kinetic energy occurs at a rate proportional to f -6 in the higher frequency range. This result is significantly steeper than the f -5/3 suggested by Kolmogorov similarity theory, but is not uncommon as Devenport et al 20 show a roll-off proportional to f -7 in the higher frequency range under similar measurement conditions. Following the method outlined by Bristol et al 14 , the least stable wavelengths of the first three bending modes of instability have been calculated for each wake configuration. The least stable short-wavelength modes (n = 1, 2) have been superimposed onto figure 17. The first mode (n = 0), represents the long-wavelength Crow mode which was described in section II. The least stable wavenumber was calculated to be kb tip = 0.73, which translates to a normalized frequency of fc/U ∞ = 0.079 assuming that the bending vortex structure convects past the measurement plane at the freestream velocity U ∞ . Using a longer time series of velocity data than was used to construct figures 17-20, it was possible to resolve the frequency spectra in this range. However, no evidence of a long-wavelength instability was observed in this very low frequency band. It is likely that these small amplitude motions, representing the early stages of a longwavelength instability, are impossible to distinguish from large scale turbulent structures within the test section and other low frequency wandering motion of the vortex core.
The first short-wavelength mode was determined to occur at ka e = 2.51 (fc/U ∞ = 7.98), while the second shortwavelength mode is expected to occur for axial perturbations at a wavenumber ka e = 4.35 (fc/U ∞ = 11.54). It should be noted that the first short-wavelength (n = 1) mode coincides with the plateau region of the spectra shown in figure 17 , while the second short-wavelength (n = 2) mode occurs near the start of the roll-off region of the spectrum. This result suggests that the greatest amount of turbulent kinetic energy is available to excite the n = 0 and n = 1 bending modes, while less kinetic energy is available to excite the n = 2 mode and is therefore less likely to occur. The addition of an externally applied strain to a vortex, produced by the other vortices within the flow field, yielded strikingly dissimilar results compared to those presented in figure 17. All five of the wake configurations denoted in figure 4 showed some signs of instability at x/c = 4. This is evidenced by two discernable peaks in the velocity spectra, occurring nominally at fc/U ∞ = 3 and fc/U ∞ = 7. In all cases, the peak at fc/U ∞ = 3 tends to be larger in amplitude. Figure 18 shows two spectra taken for outboard vortices at x/c = 4, one for a rigidly translating configuration (case 1) and the other for a periodically translating system (case 2). It will be noted here that the peaks in the rigidly translating spectrum are more pronounced and of larger magnitude than their periodic counterparts. This result is significant in that it shows that there is more kinetic energy available at the peak frequencies of the system where a higher rate of strain is applied to the vortex.
To ascertain the nature of the instability suggested by the peaks in the spectra shown in figure 18 , it is instructive to study the axial development of these peaks. Consistent with the development of the elliptic instability suggested by the deformation of the vortex core, shown in figures 14 and 15, one may expect some alteration of the frequency spectra in the axial direction. Figure 19 shows a horizontal velocity autospectrum for an outboard vortex in case 1. In this spectrum, one can clearly see the existence of a single peak at fc/U ∞ = 8.32. This result compares favorably to the predicted perturbation frequency of the n = 1 short-wavelength mode, which was determined to be fc/U ∞ = 7.98 for this wake configuration. The lack of a lower frequency peak suggests that the resultant instability within the core is caused by a perturbation of the n = 1 shortwavelength mode. Figure 20 serves to highlight the axial development of the instability. By an axial station x/c = 3, the emergence of the lower frequency peak can clearly be seen at fc/U ∞ = 2.95 while the magnitude of the higher frequency peak appears to be diminished. A second interesting feature regarding the axial development of the spectral peaks is noted when comparing plots in figure 20. One will notice that the lower frequency peak at x/c = 3 and x/c = 6 always occurs for fc/U ∞ = 2.95, while the higher frequency peak appears to shift toward lower frequency values during axial development. By x/c = 8, the higher frequency peak reaches a value of fc/U ∞ = 6.30. This result, coupled with the deformation of the vortex core, suggests that an n = 1 mode of the short-wavelength instability is triggered by turbulent fluctuations in and near the vortex core and the resulting bending wave is deformed by changes in the core structure to a wave of nearly twice the axial wavelength of the original perturbation. This result is entirely consistent with the dominance of the elliptical instability within the core structure as described by several models [17] [18] [19] 25 . 
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By an axial station of x/c = 8 one can clearly see the dominance of the lower frequency peak, further suggesting that fc/U ∞ = 2.95 is the preferred frequency of the elliptic instability bending mode. It is further noted that the amplitude of the higher frequency peak has diminished nearly two orders of magnitude by this station, compared the x/c = 2 result presented in left side of figure 20.
IV. Summary and Conclusions
Based upon the experimental evidence that has been presented in the preceding sections, it is possible to draw the following conclusions.
1. A set of wake configurations, based on circulation strength and vortex span, has been identified that is consistent with the rapid growth of long-wavelength instability modes. This set includes those configurations that are known to translate rigidly, thus maintaining the highest possible external strain rate on each vortex within a given wake. Based on the noted instability models, it appears highly likely that this maintenance of strain rate is the driving mechanism for the amplification of axial perturbations yielding the observed instabilities.
2. The long-wavelength instability observed in the flow-visualization study appears to be consistent with the analytical models presented by Saffman 13 and Bristol et al 14 , for vortices of differing circulation strength. For vortices of equal strength, this instability would be identical to that presented by Crow 12 . The appropriate length scale for this instability appears to be the lateral distance between the inboard and outboard vortices (b eff ). This result is consistent with the first conclusion, as the instability driving mechanism is the externally imposed strain rate. For the configurations where this long-wavelength instability behavior was noticed, the largest components of strain are generated between the vortex pair on each semi-span. Thus, a bending mode behavior on an outboard vortex is primarily driven by the strain imposed by the inboard vortex on the same side of the wake centerline and vice versa. Noting that strain rate scales with b eff -2 , the vortex pair on the opposite side of the wake centerline has considerably less effect on driving this instability due to the increased separation.
3. A short-wavelength instability has also been identified within the core boundary for each of the noted unstable configurations. The streamwise development of this instability mode appears consistent with the described elliptical instability. This instability mode is perturbed at the least stable wavenumber of the n = 1 instability mode, based on spectral analysis of the core region. Changes in the core geometry caused by the imposition of an external strain rate consequently yield changes in the bending wave behavior, resulting in a wave of nearly twice the initial wavelength.
Future work on this project will entail an experimental assessment of the long-wavelength instability via helium bubble visualization. A comparison of these visualization results with the analytical model will be used to further validate the hypothesis that the observed long-wavelength instability is, in fact, a Crow-type instability with a wavelength that scales with b eff .
